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SUMMARY 
A c o n t r o l  i n p u t  form t o  improve t h e  i d e n t i f i c a t i o n  o f  l o n g i t u d i n a l  aerodynamic 
parameters  f o r  t h e  Space S h u t t l e ,  e s p e c i a l l y  a t  l o w  Mach numbers, h a s  been proposed. 
This  i n p u t  combines f e a t u r e s  of  several i n p u t s  c u r r e n t l y  used wi th  t h e  S h u t t l e  t o  
improve t h e  response  i n  angle-of-attack wi thout  exceeding p i t c h  ra te  l i m i t s .  The 
responses  of  t h e  proposed i n p u t  were g e n e r a t e d  u s i n g  a s i m p l e  three-degree-of-freedom 
s imula t ion .  An examinat ton of t h e  power s p e c t r a l  d e n s i t i e s  o f  t h e s e  responses  showed 
them t o  have more power near  t h e  v e h i c l e  n a t u r a l  f requency than  d o u b l e t  i n p u t s  
p r e v i o u s l y  used wi th  t h e  S h u t t l e .  
When t h e  responses  t o  t h e  proposed i n p u t  were c o r r u p t e d  w i t h  n o i s e  and processed 
using a maximum l i k e l i h o o d  parameter e x t r a c t i o n  program, t h e  i d e n t i f i a b i l i t y  of t h e  
parameters  was improved over  t h e  i d e n t i f i a b l l i t y  of  t h e  same parameters  u s i n g  a c t u a l  
S h u t t l e  responses  from d o u b l e t  i npu t s  o f  a s imi la r  magnitude. This p r e l i m i n a r y  s t u d y  
I n d i c a t e s  t h a t  t h e  proposed i n p u t s  form should  r e s u l t  i n  improved i d e n t i f i a b l i t y  o f  
l o n g i t u d i n a l  s t a t i c  and c o n t r o l  parameters for t h e  S h u t t t l e  v e h i c l e .  
1 
INTRODUCTION 
The i d e n t i f i c a t i o n  of t he  l o n g i t u d i n a l  aerodynamic parameters of t he  Space 
S h u t t l e  has been a l i m i t e d  e f f o r t  because very few l o n g i t u d i n a l  maneuvers s u i t a b l e  
f o r  parameter e x t r a c t i o n  have been performed. I n  some of the more recent f l i g h t s ,  
doub le t  o r  pulse-type i n p u t s  have been used t o  e x c i t e  t h e  l o n g i t u d i n a l  modes. These 4 
maneuvers have been reasonably  good f o r  de te rmining  c o n t r o l  d e r i v a t i v e s ,  but because 
of t h e  l i m i t e d  veh ic l e  response allowed by s a f e t y  c o n s t r a i n t s ,  the  angle-of -a t tack  
d e r i v a t i v e s  have not been as c o n s i s t e n t  as des i r ed .  
A t  h igh  Mach numbers s e v e r a l  pull-up-push-over type maneuvers were performed and 
these  seemed t o  g ive  reasonable  convergence of t he  parameter e x t r a c t i o n  a lgo r i thms  
and f a i r  de te rmina t ion  of t he  angle-of-attack d e r i v a t i v e s .  However, t hese  maneuvers 
r e q u i r e d  30 to 40 seconds and are too  long t o  be used a t  the lower Mach numbers. A 
p o s s i b l e  maneuver which would be usab le  a t  a l l  Mach numbers and would be a combina- 
t i o n  of some of the f e a t u r e s  of bo th  the double t  and pull-up-push-over type maneuvers 
w i l l  be considered. The purpose of t h i s  paper is t o  examine some of the  c h a r a c t e r i s -  
t i cs  of the two types  of maneuvers i n  ques t ion  and t o  use the  informat ion  obta ined  t o  
t r y  t o  des ign  a l o n g i t u d i n a l  maneuver t o  g i v e  good d e f i n i t i o n  of t h e  c o n t r o l  and 
s t a t i c  s t a b i l i t y  d e r i v a t i v e s  when the  v e h i c l e  responses  t o  t h i s  maneuver are 
processed  us ing  parameter e x t r a c t i o n  a lgor i thms.  
2 
SYMBOLS 
Values are given in U.S. customary units. 
a acceleration along x-body axis, "G" units 
X 
a acceleration along z-body axis, "G" units z 
reaction control system moment about Y-body axis, ft-lbs My 
q rate of pitch, rad/sec or deg/sec 
power spectral density of the rate of pitch, (deg/sec)' sec 
power spectral density of the angle-of-attack, (deg)' sec 
power spectral density of the elevon deflection, (deg)' see 
i S a i  
he( 
a angle-of-at tack, rad or deg 
B angle-of-sideslip, rad or deg 
e pitch angle, rad or deg 
6 elevon deflection, rad or deg e 
3 
Examination of Sample I n p u t s  
Four l o n g i t u d i n a l  i n p u t s  were chosen from some r e c e n t  S h u t t l e  f l i g h t s  t o  examine 
t h e  f e a t u r e s  t h a t  are  u s e f u l  i n  parameter  e x t r a c t i o n .  These maneuvers, two pull-up- 
push-over (PUPO) and two d o u b l e t s  ( t a b l e  l ) ,  were used t o  g e n e r a t e  t h e  v e h i c l e  4 
r e sponses  t h a t  gave good parameter d e f i n i t i o n .  These i n p u t s  were chosen because t h e y  
had r a p i d  c o n t r o l  d e f l e c t i o n s  of r easonab le  magnitude and the v e h i c l e  r e sponses  
r e s u l t e d  i n  f a i r  i d e n t i f i a b i l i t y  of  t h e  s t a t i c  and c o n t r o l  parameters.  F igu res  1 and , 
2 show t h e  PUPO maneuvers and f i g u r e s  3 and 4 show t h e  doub le t  maneuvers. The PUPO 
maneuvers g e n e r a l l y  had angle-of-attack v a r i a t i o n s  and z-body a c c e l e r a t i o n s  t h a t  were 
r e l a t i v e l y  large,  but  occur red  over  a span  of about 20 seconds.  Because t h e  
maneuvers were slow, t h e  maximum p i t c h  rate w a s  less t h a n  2 2 degrees/second. Also, 
a t  s e v e r a l  t i m e s  dur ing  t h e  maneuvers t h e r e  were e l evon  p u l s e s  wi th  magnitudes in t h e  
o r d e r  of 4 t o  6 degrees which enabied  t h e  i d e n t i f i c a c i o n  of t h e  c o n t r o i  d e r i v a t i v e s .  
The doub le t s  had r a p i d  e levon i n p u t s  of  about  + 5 degrees  wi th  t h e  e l evon  rate 
c l o s e  t o  t h e  maximum p o s s i b l e  f o r  t h e  S h u t t l e .  The-two i n p u t s  chosen t o  i l l u s t r a t e  
the doub le t  maneuver had similar peak-to-peak v a r i a t i o n s  but  t h e  responses  were less 
in t h e  case shown as f i g u r e  4. Since  t h e  dynamic p r e s s u r e s  were similar f o r  t h e  two 
r u n s ,  t h e  primary d i f f e r e n c e  seemed t o  be t h a t  t h e  e l evon  d e f l e c t i o n  went t r a i l i n g -  
edge down f i r s t ,  then  t r a i l i n g - e d g e  up f o r  t h e  case shown in f i g u r e  3. This  sequence 
r e s u l t e d  i n  a g r e a t e r  response  than  where t h e  e l evon  sequence w a s  r eve r sed  as i n  
f i g u r e  4. 
The nex t  s t e p  in t h e  i n v e s t i g a t i o n  of t h e  i n p u t s  w a s  t o  l ook  a t  t h e  power 
s p e c t r a  of  t h e  inpu t  f o r  t h e  angle-of -a t tack  and p i t c h  r a t e  responses .  The power 
s p e c t r a  f o r  t h e  example cases are  shown as f i g u r e s  5 through 8. Of i n t e r e s t  is  t h e  
power a t  f r equenc ie s  close. t o  t h e  n a t u r a l  f requency  o f  t h e  s h o r t  pe r iod  mode f o r  t h e  
S h u t t l e  v e h i c l e .  U s i n g  an  approximate e x p r e s s i o n  f o r  t h i s  f requency ,  i t  w a s  found t o  
v a r y  between 5 t o  10 seconds p e r  c y c l e  i n  t h e  Mach 2 t o  Mach .6  range. The re fo re ,  w e  
are i n t e r e s t e d  i n  t h e  power i n  t h e  .1 t o  .2 Her tz  range. 
As can  be seen from f i g u r e s  5 and 6 ,  t h e  g r e a t e s t  power f o r  t h e  PUPO maneuver 
w a s  a t  f r equenc ie s  below t h e  s h o r t  pe r iod  f r e q u e n c i e s  o f  .1 t o  .2 Hertz. However, i n  
t h e  .1 t o  .2 H e r t z  frequency range ,  t h e  PUPO maneuvers s t i l l  had as much power as t h e  
d o u b l e t  maneuvers d i scussed  i n  t h i s  paper.  F i g u r e s  7 and 8 show t h a t  i n  s p i t e  of  t h e  
f a c t  t h a t  t h e  s p e c t r a  of t h e  d o u b l e t  i n p u t  shows a d u a l  f requency  o f  .45 and .7 Her tz  
f o r  i n p u t  3 ,  and of .32 and .6 Hertz  f o r  i n p u t  4, t h e  maximum power f o r  t h e  r e sponses  
t o  t h e s e  i n p u t s  s t i l l  occur s  around .2 Hertz.  Table  I1 summarizes t h e s e  conc lus ions  
from f i g u r e s  5 through 8 . 
Extract ion of  Parameters 
The parameter e x t r a c t i o n  program used t o  examine t h e  S h u t t l e  d a t a  g e n e r a t e s ,  i n  
a d d i t i o n  t o  parameter v a l u e s ,  parameter s e n s i t i v i t i e s  and Cramer-Rao bounds ( r e f .  
1). The s e n s i t i v i t i e s  i n d i c a t e  which parameters  can  b e  most e a s i l y  e x t r a c t e d ,  and 
t h e  Cramer-Rao bound is  an  i n d i c a t i o n  of how w e l l  t h e  program h a s  determined a 
s p e c i f i c  parameter va lue .  By u s i n g  t h e s e  i n d i c a t o r s  of parameter  i d e n t i f i a b i l i t y ,  
t h e  s u i t a b i l i t y  of d i f f e r e n t  i n p u t s  t o  g e n e r a t e  d a t a  f o r  parameter e x t r a c t i o n  can  be - 
asses sed  ( r e f .  2). 
Table  I11 shows t h e  s e n s i t i v i t i e s  and t h e  Cramer-Rao bounds of  each parameter  
e x t r a c t e d .  I n  a l l  cases t h e  f i t  t o  t h e  d a t a  w a s  good w i t h  a d i f f e r e n c e  between t h e  
e s t i m a t e d  and t h e  measured t i m e  h i s t o r i e s  of  less t h a n  two p e r c e n t  of  t h e  peak-to- 
peak v a l u e  of t h e  measured responses .  S ince  t h e  parameters t h a t  are be ing  e s t i m a t e d  
d e s c r i b e  t h e  s h o r t  pe r iod  mode of  t h e  v e h i c l e ,  r e sponses  i n  t h e  .1 t o  .2 Hertz  range 
have  t h e  most i n f l u e n c e  o n  the i d e n t i f i a b i l i t y  of  these parameters.  The extra power 
4 
s e e n  i n  t h e  PUPO-type maneuvers ( t a b l e  11 )  on ly  i n c r e a s e d  t h e  i d e n t i f i a b i l i t y  of 
c, when compared wi th  t h e  doublet  where t h e  e levon went t r a i l i n g  edge down 
i n f t i a l l y  (maneuver 3) .  O v e r a l l ,  t h e  l i m i t e d  response  from t h e  r a p i d  double t - type  
i n p u t  is almost as e f f e c t i v e  f o r  parameter e x t r a c t i o n  as t h e  large re sponse  from t h e  
PUP0 maneuvers. S ince  t h e  l a t t e r  maneuvers can  on ly  be  performed a t  t h e  h i g h e r  Mach 
numbers because of  t h e  t i m e  requi red  t o  complete them, a modified d o u b l e t  t h a t  would 
improve t h e  i d e n t i f i a b i l i t y  of a t  t h e  lower Mach numbers (Mach < 5 )  w i l l  be 
des igned .  
Cma 
Inpu t  Design 
Based on t h e  f o u r  sample i n p u t s ,  an  e levon i n p u t  c o n s i s t i n g  o f  a r a p i d  i n p u t  
( i n i t i a l l y  t r a i l i n g - e d g e  down) t o  a s p e c i f i e d  magnitude, followed by a s lower  
r e v e r s a l  t o  a t r a i l i n g - e d g e  up p o s i t i o n  of t h e  same magnitude, and t h e n  a r a p i d  
r e t u r n  t o  ze ro  d e f l e c t i o n  i s  proposed ( f i g .  9 ) .  Tra i l ing-edge  down w a s  chosen as t h e  
i n i t i a l  d i r e c t i o n  f o r  t h e  e levon s i n c e  t h i s  i n p u t  r e s u l t e d  i n  g r e a t e r  responses  t h a n  
t r a i i i n g - e d g e  up i n i t i a i i y  ( f i g s .  3 and 4 j .  Also, a n  i n p u t  performed i n i t i a i i y  a t  
t h e  maximum e levon r a t e  g i v e s  t h e  b e s t  change f o r  good i d e n t i f i c a t i o n  of  t h e  e l evon  
e f f e c t i v e n e s s .  The s lower  r e v e r s a l  a l lows  t h e  angle-of-attack and a c c e l e r a t i o n  a long  
t h e  z-body a x i s  t o  b u i l d  up more than i s  p o s s i b l e  wi th  t h e  s t a n d a r d  doub le t  where t h e  
r e v e r s a l  p a r t  of t h e  i n p u t  i s  f a s t  enough so t h a t  t h e  v e h i c l e  does n o t  have t i m e  t o  
respond. F i n a l l y ,  t h e  r a p i d  r e t u r n  t o  z e r o  aga in  h e l p s  t h e  i d e n t i f i c a t i o n  of t h e  
c o n t r o l  d e r i v a t i v e .  
The peak va lues  of t h e  i n p u t  were chosen a s  + .1 r a d i a n  t o  be compat ib le  w i t h  
t h e  peak v a l u e s  of t h e  d o u b l e t s  shown as f i g u r e s  7 and 4. The pe r iod  of  t h e  i n p u t  
i n i t i a l l y  t r i e d  was about 4 seconds t o  be c l o s e  t o  t h e  v e h i c l e  n a t u r a l  frequency. 
The responses  shown i n  f i g u r e  9 were ob ta ined  wi th  a dynamic p r e s s u r e  t y p i c a l  of  t h e  
Mach = .6 p o r t i o n  of t h e  d e s c e n t  t r a j e c t o r y .  This  i n i t i a l  a t t empt  wi th  t h e  modified 
d o u b l e t  r e s u l t e d  i n  responses  t h a t  exceeded t h e  g u i d e l i n e s  f o r  responses  t o  i n p u t  f o r  
t h e  S h u t t l e .  The same i n p u t  wi th  dynamic p r e s s u r e  t y p i c a l  of t h e  Mach 2 p o r t i o n  of 
t h e  descen t  t r a j e c t o r y  r e s u l t e d  i n  reduced r e sponses ,  bu t  t h e s e  a l s o  exceeded t h e  
g u i d e l i n e s  ( f i g .  l o ) .  
The most c r i t i c a l  response  i s  t h e  maximum p i t c h  r a t e  which should  be kep t  c l o s e  
t o  5 3 degrees  pe r  second. To g e t  accep tab le '  responses  a t  Mach = - 6 ,  t h e  ampl i tude  
of t h e  i n p u t  would have t o  be reduced t o  approximate ly  + .05 r ad ian .  This reduced 
ampl i tude  i n p u t  wi th  t h e  modified double t  may n o t  g i v e  gozd d e f i n i t i o n s  of t h e  e l evon  
e f f e c t i v e n e s s .  However, an  i n c i d e n t a l  maneuver a t  Mach = .6 dur ing  STS-5 wi th  less 
peak-to-peak amplitude and having  a less r a p i d  i n i t i a l  e l evon  i n p u t  ( f i g .  11) gave  
s e n s i t i v i t i e s  and Cramer-Rao bounds t h a t  impl ied  a good d e f i n i t i o n  of t h e  c o n t r o l  
d e r i v a t i v e .  
Maneuvers wi th  dynamic p res su res  t y p i c a l  of Mach = .6 and Mach = 2 were chosen 
t o  i l l u s t r a t e  samples of t h e  proposed second modified i n p u t .  An examinat ion  of  t h e  
r e sponses  f o r  an  i n p u t  a t  Mach = .6 shows t h a t  t h e  response  f o r  p i t c h  rate i s  
r e a s o n a b l e  and t h e  angle-of-attack r e sponse ,  a l though small ,  i s  l a r g e r  t h a n  t h e  
r e sponse  f o r  t h e  f i g u r e  11 r u n  w h e r e  t h e  angle-of-attack d e r i v a t i v e s  were w e l l -  
d e f i n e d  ( f i g .  12).  The r e sponses  f o r  t h e  Mach = 2 maneuver showed t h e  p i t c h  rate t o  
be l a r g e r  than  d e s i r e d .  A t  t h i s  point t h e  cho ices  f o r  reducing  t h e  r e sponse  were t o  
s h o r t e n  t h e  per iod  of t h e  i n p u t  o r  t o  reduce  t h e  amplitude.  Both of t h e s e  approaches 
were t r i e d  and t h e  r e s u l t s  are shown as f i g u r e s  13 and 14. S ince  t h e  i n p u t  i s  
larger ,  t h e  responses  shown i n  f i g u r e  1 4  are  i n i t i a l l y  more r a p i d  t h a n  t h o s e  of 
f i g u r e  13, bu t  t h e  peak v a l u e s  o f  t h e  angle-of -a t tack  and z-body a c c e l e r a t i o n  are n o t  
as l a r g e .  However, t h e  i n i t i a l  peak of  t h e  p i t c h  r a t e  i s  l a r g e r  f o r  t h e  h i g h e r  
5 
ampl i tude  i n p u t  shown i n  f i g u r e  1 4 .  T h i s  i n i t i a l  examinat ion  would imply t h a t  even  
though t h e  c o n t r o l  e f f e c t i v e n e s s  may no t  be  d e f i n e d  as w e l l  f o r  t h e  lower  a m p l i t u d e  
i n p u t ,  o v e r a l l  t h i s  could  prove  t o  be  t h e  b e s t  i n p u t  f o r  t h e  Mach = 2 f l i g h t  
c o n d i t i o n s .  
The next  check on t h e  s u i t a b i l i t y  o f  t h e  i n p u t s  f o r  parameter  e x t r a c t i o n  w a s  t o  
examine t h e  power s p e c t r a  of  t h e  r e sponses  and t h e  i n p u t s .  The p l o t s  o f  t h e  s p e c t r a  
f o r  angle-of -a t tack ,  p i t c h  ra te  and e l evon  d e f l e c t i o n  from t h e  t w o  proposed i n p u t s  a t  
Mach = 2 c o n d i t i o n s  a r e  shown as f i g u r e s  15  and 16, and t h e  r e s u l t s  are  summarized i n  
t a b l e  I V .  The comparison o f  t h e  two i n p u t s  u s i n g  t h e  power s p e c t r a  i n d i c a t e s  t h e  
l a r g e r  ampl i tude  input  h a s  more power, bu t  t h e  increase i n  r e v e r s a l  t i m e  o f  t h e  
smaller i n p u t  leads t o  g r e a t e r  r e sponse  power. Also ,  t h e  p e r c e n t  i n c r e a s e  i n  t h e  
angle-of -a t tack  power is greater than  t h e  p e r c e n t  i n c r e a s e  i n  t h e  p i t c h  ra te  power. 
The most impor tan t  comparison,  however, is a g a i n s t  t h e  r e s u l t s  from t h e  d o u b l e t  
i n p u t s .  The power of the proposed i n p u t s  w a s  greater  t h a n  t h a t  of t h e  d o u b l e t s ,  and 
t h e  f requency  of the  peak power f o r  t h e  proposed i n p u t s  w a s  i n  t h e  .3 t o  .4 H e r t z  
range.  The d o u b l e t  i n p u t s  had power peaks i n  t h i s  f r equency  range  and t h e  r e s u l t i n g  
r e sponses  had maximum power i n  t h e  .2 Hertz  f requency  range.  F i g u r e s  15 and 16 show 
t h a t  t h e  peak power of  t h e  r e sponses  are i n  t h e  .15 t o  .2 Her tz  f requency  r ange  and 
r e s u l t  i n  s i g n i f i c a n t l y  l a r g e r  r e sponses  t h a n  t h e  d o u b l e t s  used f o r  comparison. The 
i m p l i c a t i o n  is t h a t  t h e  i n p u t  magni tude could  be  reduced f a r t h e r ,  and s t i l l  t h e  
r e sponses  shou ld  be l a r g e  enough f o r  i n c r e a s e d  i d e n t i f i a b i l i t y  o f  t h e  l o n g i t u d i n a l  
s t a t i c  and c o n t r o l  parameters .  
The f i n a l  check of t h e  i n p u t s  was t o  t a k e  t h e  r e sponses  from t h e  two Mach = 2 
r u n s ,  contaminate  them wi th  n o i s e  t h a t  w a s  two p e r c e n t  o f  t h e  peak-to-peak r e sponse  
t o  an i n p u t ,  and t h e n  u s e  t h i s  d a t a  t o  e x t r a c t  t h e  parameters  used i n  t h e  
mathemat ica l  model which g e n e r a t e d  t h e  d a t a .  The o r i g i n a l  parameters were o f f s e t  by 
a t  l ea s t  20  p e r c e n t  f o r  t h e  i n i t i a l  parameter  estimates. After a p p l y i n g  t h e  maximum 
l i k e l i h o o d  parameter  e x t r a c t i o n  program ( o u t l i n e d  i n  r e f .  1 )  t o  t h e  s i m u l a t e d  d a t a ,  
t h e  pa rame te r s  determined w e r e  w i t h i n  one  and one-half  p e r c e n t  o f  t h e  parameter  used 
t o  g e n e r a t e  t h e  responses  i n i t i a l l y .  The s e n s i t i v i t i e s  and Cramer-Rao bounds 
r e s u l t i n g  from t h e  e x t r a c t i o n  p rocess  a re  g i v e n  i n  t a b l e  V. These are  t h e  most 
s i g n i f i c a n t  v a l u e s  determined from t h e  e x t r a c t i o n  p r o c e s s  because  when compared w i t h  
t h e  i n p u t  3 and 4 r e s u l t s  o f  t a b l e  111, t h e y  g i v e  a n  i n d i c a t i o n  o f  t h e  p o t e n t i a l  
improvement i n  i d e n t t f i a b i l i t y  o f  pa rame te r s  fo r  t h e  modi f ied  d o u b l e t  i n p u t .  The 
s e n s i t i v i t i e s  and Cramer-Rao bounds bo th  show a n  improvement of  about  a f a c t o r  of 10 
when us ing  t h e  modif ied doub le t .  These r e s u l t s  imply t h e  i n p u t s  o f  t h i s  t y p e  shou ld  
r e s u l t  i n  responses  t ha t  improve t h e  i d e n t i f i a b i l i t y  o f  l o n g i t u d i n a l  s t a t i c  and 
c o n t r o l  parameters .  
CONCLUDING REMARKS 
- 
Cont ro l  i n p u t s  t h a t  were used w i t h  t h e  S h u t t l e  have  been examined. The two 
t y p e s  of  i n p u t s  used t h a t  w e r e  most s u c c e s s f u l  i n  t h e  parameter  i d e n t i f i c a t i o n  were 
t h e  pull-up-push-over (PUPO) and the doub le t .  Cons ide r ing  convergence,  f i t ,  Cramer- 
Rao bounds and s e n s i t i v i t y  o f  t h e  pa rame te r s  as i n d i c a t o r s  of t h e  i d e n t i f i a b i l i t y  o f  
pa rame te r s ,  the  PUPO maneuvers were found t o  g i v e  good d e f i n i t i o n  o f  t h e  pa rame te r s  
b u t  r e q u i r e d  t o o  much t i m e  f o r  t h e  low Mach numbers. The d o u b l e t  maneuvers used  i n  
t h i s  paper  a l s o  gave good d e f i n i t i o n  f o r  most parameters .  
When comparing t h e  power s p e c t r a  o f  the r e s p o n s e  from t h e  v a r i o u s  maneuvers ,  t h e  
PUPO maneuvers no t  only had much more power a t  f r e q u e n c i e s  less t h a n  .1 Hz bu t  a l s o  
had more power i n  the  .1 Hz t o  .2 Hz r a n g e  t h a n  the d o u b l e t  w i t h  the  g r e a t e s t  power. 
However, t h e  parameter i d e n t i f i a b i l i t y  w a s  n o t  s i g n i f i c a n t l y  b e t t e r  f o r  t h e  PUPO 
maneuvers when compared t o  t h e  b e s t  d o u b l e t  maneuver, s i n c e  o n l y  t h e  r e s p o n s e s  close 
t o  t h e  n a t u r a l  f requency o f  t h e  s h o r t  p e r i o d  mode i n f l u e n c e d  t h e  i d e n t i f i c a t i o n  o f  
pa rame te r s  d e s c r i b i n g  tha t  mode. 
- 
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The proposed maneuvers were des igned  t o  g i v e  r e s p o n s e s  w i t h  as much power, as 
de termined  by t h e  power spectral d e n s i t y ,  as t h e  PUP0 maneuvers i n  t h e  .I t o  .2 Her tz  
f requency  range.  Also,  i n p u t s  t h a t  were i n i t i a l l y  as r a p i d  as  p o s s i b l e  t o  h e l p  t h e  
i d e n t i f i c a t i o n  of t h e  c o n t r o l  e f f e c t i v e n e s s  were d e s i r e d .  The proposed i n p u t s  m e t  
t h e s e  d e s i g n  cri teria.  When s imula t ed  d a t a  g e n e r a t e d  by t h e s e  maneuvers were 
p rocessed  u s i n g  a maxLmum l i k e l i h o o d  e x t r a c t i o n  program, t h e  parameter  v a l u e s  d e t e r -  
mined were w i t h i n  one and one-half p e r c e n t  o f  t h e  t r u e  v a l u e s ,  t h e  f i t  t o  d a t a  was 
good, and t h e  s e n s i t i v i t i e s  and Cramer-Rao bounds were improved by a f a c t o r  of 10 
ove r  t h e  s e n s i t i v i t i e s  and Cramer-Rao bounds o f  t h e  d o u b l e t  maneuvers. This p r e l i m i -  
n a r y  s t u d y  i n d i c a t e s  t h a t  the proposed i n p u t s  shou ld  r e s u l t  i n  improved i d e n t i f i a -  
b i l i t y  of l o n g i t u d i n a l  s ta t ic  and c o n t r o l  pa rame te r s  for the S h u t t l e  d e s c e n t  
t raj ec t o r y .  
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TABLE 1.- SAMPLE PLIGHT INPUTS 
Mach = 14 Pull-Up-Push-Over 
Mach = 7 Pull-Up-Push-Over 
Mach = 20 Doublet 
Mach = 1.8 Doublet 










TABLE 11.- SUMMARY OF POWER SPECTRUM FOR 







PEAK VALUE OF SPECTRUM I N  RANGE 
AT WHICH PEAK OCCURS 
GREATER THAN e 1  HZ AND FREQUENCY 
- 
2 4  a t  . I 2  Hz and 4.0 a t  .20 Hz 
2.7 a t  .I5 Hz 
14 a t  .19 Hz 
80.0 a t  . I  Hz and 4.0 a t  .I8 Hz 
5.60 a t  . I  Hz and 1.0 a t  . I4  Hz 
7 . 0  a t  . I 6  Hz 
1 . 2  a t  .19 Hz 
.42 at .20 hz 
.2 a t  . I 2  Hz, 3.7 a t  .45 Hz and 4.0 a t  .7 Hz 
. 7 7  a t  . I 9  Hz 
.47 a t  .19 Hz 
.5 a t  .13 Hz, 3.4 a t  .32 Hz and 3.2 a t  .6 Hz 
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TABLE 111.- S E N S I T I V I T Y  AND C U R - R A O  BOUND FOR 







S E N S I T I V I T Y  
7- .47 x 10 
8 02 x lo7 
014 x lo7 
039 x 10 
.165 105 
.3 105 
.508 x 10; 
-163 x 10 
.142 x lo6 
085 x lo6 5
.467 x lo6 
.214 x 10 
.45 105 
.2 x 10; 
.7 x 10 



















TABLE I V . -  SUMMARY OF SPECTRUM FOR FREQUENCIES 
GREATER THAN -1 HERTZ USING MODIFIED DOUBLET I N P U T S  
I N P U T  VARIABLE 
PEAK VALUE OF SPECTRUM I N  RANGE 
AT WHICH PEAK OCCURS 
GREATER THAN -1 HZ AND FREQUENCY 
J 
f .1 rad. U 82.0 at .17 Hz 
9 33.0 at .17 Hz 
6e 9.6 at .4 Hz 





126.0 at .17 Hz 
44.0 at .17 Hz 
6.7 at .28 Hz 
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TABLE V.-  S E N S I T I V I T Y  AND CRAMER-RAO BOUNDS FOR PARAMETERS 
FROM DATA GENERATED USING MODIFIED DOUBLETS 
I N P U T  
~~ 
+ . 1  rad. 
+ .06 rad. 
- 
- 
+ . 1  rad. 
+ .06 rad. 
- 
- 
+ . 1  rad. 
+ .06 rad. 
- 
- 
+ . 1  rad. 


















S E N S I T I V I T Y  
.285 x lo8 
.143 x lo8 
.346 x lo6 
s o 8  lo4 
.200 lo7 
.443 lo7 
CRAMER-RAO BOUND ,. 
.170 x 10 3 
0177 x 10 3 
.407 x 10 * 
-316 x 10 2 
e622 x 10 4 
.530 x 10 
3 
3 
e310 x 10 
0238 x 10 
0 
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Figure 5 . -  Power spectra of input and responses for input 1 of table I .  
19 
10 




-! I I  1 \ 1 1  I I 1 1 1 1 1 1 ~  I IIII,111 I I 1 I l l u I  
A' - 
.01 .1 1.0 10.0 100. 
100 
lSal 9 
2 :deg) sec 
0 
.01 .1 1.0 10. 100 I 
Frequency, Hz 





responses  of 
.1 1.0 10. 
Frequency, Hz 





: s  I ,  
7: 
3 
(deg )  & s e c  
i ' 
.. 
1 I I ,lllll . ! I I111111 I I111111 I I1111 




I )  
3 
10.0 l O r ) . O  .01 .1 1.0 10.0 100.0 .01 .1 1.0 
Frequency, Hz Frequency, Hz 
Figure  7.-  Power s p e c t r a  of input  and responses  of i n p u t  3 ,  t a b l e  I. 
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Figure 8 . -  Power spec tra  of input and responses of input 4 ,  t a b l e  I. 
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F i g u r e  9.- T i m e  h i s t o r i e s  of i npu t  and r e sponses  f o r  f i r s t  modi f ied  i n p u t  checked a t  a 
dynamic p r e s s u r e  t y p i c a l  of t h e  M = .6  p o r t i o n  of a S h u t t l e  descen t  t r a j e c t o  
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Figure  11.- T i m e  h i s t o r y  f o r  i n c i d e n t a l  i n p u t  a t  Mach = . 6 .  
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Figure 13.- Time h i s t o r y  of input  and responses f o r  a 2 .06 r ad ian  3od i f i ed  doublet  
run a t  a dynamic pressure t y p i c a l  of t h e  Y =  2.0 p o r t i o n  of a S h u t t l e  
descent t r a j e c t o r y .  
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F i g u r e  14.-  T ime  h i s t o r y  of i n p u t  and responses  f o r  I- .1 r a d i a n  modif ied doub1c.t run 
a t  a dynamic p r e s s u r e  t y p i c a l  of t h e  Y =-?.'I n o r t i o n of a S h u t t l e  tlesccn 
28 t r a j e c t o r y  . 
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F igu re  15.- Power  s p e c t r a  of t h e  inpu t  and r e sponses  for a modif ied doub le t  of + .1 radians 
run a t  a dynamic p r e s s u r e  t y p i c a l  of t h e  M = 2.r) p o r t i o n  of a S h u t t i e  descent  
t r a j e c t o r y .  
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